I. INTRODUCTION
Flip chip technology has become one of the most important packaging technologies for microelectronic packaging. 1, 2 One of its advantages is that a large number of tiny solder bumps can be fabricated into an area array on a chip as input/output (I/O) interconnections. The interconnections establish when the solder reacts with the under bump metallization (UBM) on the chip side and the pad metallization on the substrate side to form intermetallic compounds (IMCs). To meet the performance requirement, the size of the bumps must shrink continuously. The reliability and joint strength of flip chip package is highly related with the IMC formation of flip chip joints. Therefore, metallurgical reactions between the solder and metallization layers become an important reliability issue, since the volume ratio of the IMCs increases while the dimension of the solder bumps decreases. Therefore, the influence of the IMCs on the solder joint reliability becomes more prominent than before. 3 In addition, with increasing environmental concerns, the microelectronics industry is paying more attention to lead-free solder alternatives. 4, 5 Among the alternatives, eutectic SnAg3.5 and SnAg3.8Cu0.7 solder appear to be two of most promising candidates for replacing eutectic SnPb solder. In addition, SnSb5 solder could be used in high-temperature application due to its high liquidus temperature of 240°C. Due to higher content of Sn in most of the Pb-free solders, the amount of IMCs formed is larger than that in the eutectic SnPb solder. Therefore, in most of Pb-free solders, the rapid consumption rate of UBM and fast formation rate of IMCs are other reliability concerns.
The metallurgical reactions between solders and the metallization layers have been investigated extensively, in which Sn reacts with Cu or Ni metallization layers to form IMCs. [6] [7] [8] Spalling of IMCs were reported when thin film Cu UBM reacted with eutectic SnPb and Pb-free solders. 9, 10 A method has been developed to prevent the spalling of IMCs by the opposite interfacial reaction on the substrate side. 11 Furthermore, Tu et al. reported that Au layer on the substrate-side affected the spalling of IMCs on the chip-side across a solder joint. 9 Liu et al. found that Cu atoms diffused to the other side of the SnAg solder to form ternary Cu-Ni-Sn IMCs during reflow in a Cu-SnAg-Ni sandwich structure. 12 When the dimension of the solder bumps shrinks, the bump height also decreases accordingly. Interfacial reactions during solid state aging have been studied. 13, 14 Thus these cross interactions on formation of interfacial IMCs become more pronounced than before. However, little research has been done on the cross interaction behaviors. From the scientific point of view, it is of interest to study the cross interactions between the Cu-based UBM in the chip side and the Ni-based pad metallization on the substrate side since Cu and Ni are the most common materials used in the UBM and in the pad metallization, respectively. In this paper, we use a systematic method to investigate the cross interactions in eutectic SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5 solders. Three types of samples, including dumped dies, bumped substrates, and flip chip packages, were fabricated and examined to verify the cross interactions during reflow. We found that Ni atoms diffused to the chip side to form Cu-Ni-Sn ternary IMC after the joining of the flip chip packages for SnPb, SnAg3.5, and SnSb5 solders, while no Ni atoms were detected in the chip side of SnAg3.8Cu0.7 flip chip packages. Possible mechanisms responsible for the different diffusion behaviors are discussed.
II. EXPERIMENTAL
Three sets of samples were prepared in this study and they are illustrated schematically in Figs. 1(a)-1(c) . The first ones were bumped dies, in which the UBM consisted of 0.7 m Cu/0.3 m Cr-Cu/0.1 m Ti UBM. The chip size is 9.5 × 6.0 mm with 105 m UBM diameter. Four kinds of solders were adopted: eutectic SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5. Solder pastes were printed and deposited on the UBM pad of the wafers. Then the wafers were reflowed in a nitrogen atmosphere oven with the peak temperatures of 210, 250, 250, and 280°C for the SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5 solders, respectively. They remained above the liquidus for approximately 60 s. Figure 1(a) shows the schematic diagram of the samples after the reflow.
The second set of samples included bumped substrates. The metallization pad of the bismaleimide triazine (BT) substrates were 0.025 m Au/5 m Ni-P/20 m Cu. Again, the solder pastes were printed and deposited on the metallization surface of the BT substrates. The substrates were also reflowed at the peak temperature of 210, 250, 250, and 280°C for the SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5 solders, respectively. They remained above the liquidus temperature for approximately 60 s. Figure 1 (b) depicts the schematic of the bumped substrate after reflow.
The third set of samples included typical flip chip packages with the same UBM and pad metallization as those in the bumped dies and substrates. They were fabricated by joining the bumped dies to the BT substrates. Firstly, bumped dies were prepared, and then solder pastes were printed on the metallization surface through a metal stencil. Afterward, the bumped dies were flipped and joined to the BT substrates. Then the flip chip packages were reflowed in a nitrogen atmosphere oven with the peak temperatures of 210, 250, 250, and 280°C for the SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5 solders, respectively. They remained above the melting or liquidus temperatures for approximately 60 s. This reflow will be referred to as the "second reflow" in the following discussion. The flip chip joints formed after the second reflow, when the cross interactions may take place. Finally, the flip chip packages were underfilled.
To examine the interfacial IMCs more clearly, the three sets of samples were observed from both crosssectional views and plan views. During preparation, cross-sectional scanning electron microscope (SEM) samples were polished laterally approximately to the center of the bumps, while the plan-view SEM samples were polished either from the substrate side or chip side to the middle of the solder bumps, and they were then selectively etched by the solution of nitric acid: acetic acid: glycerol at the ratio of 1:1:1, which etches Sn and almost does not attack IMCs of Sn. The microstructures and the compositions of IMCs were examined by a JEOL (Tokyo, Japan) 6500 field emission SEM and energy dispersive spectroscopy (EDS), respectively. The resolution of the composition analysis was ±0.5%, and the samples were coated with Pt film prior to SEM observation. By comparing the microstructures and compositions between the bumped die and the flip chip package of the same solder, the cross interactions between the IMCs on the chip side and the Au/Ni metallization on the substrates side can be examined. How the Cu/Cr-Cu/Ti UBM on the chip side affects the formation of IMCs on the substrate side can be verified from the comparison of the microstructures between the bumped substrate and the flip chip package of the same solder. The composition labeled in this paper is in weight percent unless specified.
III. RESULTS

A. Eutectic SnPb solder
To provide the IMC microstructures without the cross interactions, the interfacial microstructures for the SnPb bumped die and the SnPb bumped substrate were examined from both cross-sectional and plan-view secondaryelectron SEM images. For the bumped die, after the first reflow, the Cu 6 Sn 5 IMCs were formed due to the interfacial reaction between eutectic SnPb solder and the Cu UBM, as illustrated in Fig. 2 Cross interactions on formation of interfacial IMCs were found when a bumped die was reflowed to join the substrate. The Cu atoms on the UBM of the chip side diffused to the substrate side, and the Au and Ni atoms diffused to the chip side to form IMCs during the second reflow. Figure 3 shown in Fig. 3(b) . Numerous tiny particles were found coated on the surface of the Cu 6 Sn 5 IMCs. EDS results show that the tiny particles contained 4% Au. They might be AuSn 4 IMCs, in which the Au atoms came from the metallization layer in the substrate during the second reflow. Tu et al. also observed similar tiny particles coated on the surface of Cu 6 Sn 5 IMCs when eutectic SnPb solder was reflowed on a Cr/Cu/Au UBM. 10 Furthermore, Au atoms dissolve very fast in SnPb solder. 16 Although the Au concentration in our SnPb case after the second reflow was less than the solubility (0.3 wt.%), the Au could be depleted from the solid solution when the AuSn 4 particles on Cu 6 Sn 5 IMCs has a lower chemical potential than that of Au or AuSn 4 dissolved in the eutectic SnPb. Therefore, it is possible that the Au atoms (or the An-Sn IMCs) in the substrate side might diffuse to the chip side and precipitate out on the surface of the Cu 6 Sn 5 IMCs during the second reflow. A needle-type IMC was observed, as indicated by the arrow in Fig. 3(b) . It was identified to be (Cu x, Ni 1−x ) 6 Sn 5 with few percent of Ni dissolved into Cu 6 Sn 5 IMCs. Since there are no Ni atoms in the UBM of the chip side and in the solder, the Ni atoms may diffuse from the substrate side during the second reflow.
On the other hand, the IMC morphology on the substrate side became quite different from that IMCs on the chip side after the first reflow, as seen in Fig. 3(c) . The interfacial IMCs of (Cu x, Ni 1−x ) 6 Sn 5 and (Ni y, Cu 1−y ) 3 Sn 4 were observed, in which the Cu atoms were from the metallization layer on the chip side. Compared with that in Fig. 2(d) , the morphology of the IMCs in Fig. 3(d) changes from needle-shaped or blockshaped to rock-shaped.
B. SnAg3.5 solder
For the SnAg3.5 bumped die, Cu 6 Sn 5 IMCs formed in the interface of the solder and the UBM on the chip side, as seen in Fig. 4(a) . Several Cu 6 Sn 5 IMCs spalled from the UBM, as indicated in the figure. Since the thickness of the Cu UBM was about 0.7 m, spalling of IMCs might occur after the first reflow. 10 Figure 4 (b) depicts the SEM plan-view image for the chip side, in which Cr-Cu-Sn layer was detected. It is speculated that the spalled or partially spalled Cu 6 Sn 5 IMCs were removed during the selective etching of the SnAg solder. For the SnAg3.5 bumped substrate, the Ni 3 Sn 4 IMCs were found on the interface between SnAg solder and Ni pad metallization of the BT substrate after the first reflow. Figure 4 (c) shows the cross-sectional SEM image of the interfacial microstructure of the bumped substrate sample. Two types of morphologies were observed for the Ni 3 Sn 4 IMCs: needle-shaped and block-shaped, which are also visualized in the plan-view SEM image for the IMCs on the substrate side, as seen in Fig. 4(d) .
After the joining of the SnAg3.5 flip chip package, the cross-sectional microstructure on the chip side is shown in Fig. 5(a) . Most of the Cu-Sn IMCs on the chip side spalled after the second reflow for the solder, while some Ag 3 Sn IMCs were observed, as indicated by the arrows that the cross-interfacial reactions exist in the SnAg3.5 solder. It is speculated that Cu atoms on the chip side move to the substrate side during the second reflow, and Ni atoms on the substrate side diffuse to Cu 6 Sn 5 IMCs on the chip side to form (Cu x, Ni 1−x ) 6 Sn 5 IMCs.
C. SnSb5 solder
The interface microstructures for the bumped die and for the bumped substrate were examined after the first reflow without cross interactions. IMCs of Cu 6 Sn 5 were observed on the interface of UBM and solder on the chip side, as shown in Fig. 6(a) . Occasionally, IMCs of Sn 3 Sb 2 were found near the interface, as indicated by one of the arrows in the figure. The plan-view SEM image of the IMCs is seen in Fig. 6(b) Cross interactions also occur in the SnSb5 solder after its second reflow for joining the flip chip package. For the flip chip package, ternary IMCs of (Cu x, Ni 1−x ) 6 Sn 5 formed in the interface of SnSb5 solder and the UBM on the chip side, as illustrated in Fig. 7(a) , in which the SnSb5 solder was selectively etched for clear observation of the IMCs. The shape of the (Cu x, Ni 1−x ) 6 Sn 5 IMCs is scallop-like, as seen in the plan-view SEM image in Fig. 7(b) . The concentration of Ni atoms in the ternary IMCs was measured to be 23%. On the substrate side, both ternary (Cu x, Ni 1−x ) 6 Sn 5 and (Ni y, Cu 1−y ) 3 Sn 4 IMCs formed near the interface of the SnSb5 solder and the pad metallization after the second reflow, as seen in Fig. 7(c) . 
D. Eutectic SnAg3.8Cu0.7 solder
For the SnAg3.8Cu0.7 bumped die, IMCs of Cu 6 Sn 5 formed in the interface of the UBM and the SnAg3.8Cu0.7 solder, as shown in the cross-sectional SEM image in Fig. 8(a) . Some of the Cu 6 Sn 5 IMCs spalled after the first reflow. Figure 8 of the solder. Therefore, a Cr-Cu-Sn layer was observed for the rest of the area. For the bumped substrate, IMCs of (Ni y, Cu 1−y ) 3 Sn 4 formed on the interface of the SnAg3.8Cu0.7 solder and Ni metallization layer, as seen in Fig. 8(c) . The Cu atoms in the IMCs come from the solder itself, and they weigh approximately 17%. Their morphology is visualized in Fig. 8(d) Figs. 9(c) and 9(d) , the formation of (Cu,Ni) 6 Sn 5 IMCs may be attributed to the cross interactions. Since more Cu atoms are needed to form (Cu,Ni) 6 Sn 5 IMCs, the Cu atoms in the (Cu,Ni) 6 Sn 5 IMCs come mainly from the chip side.
IV. DISCUSSION
To verify theoretically whether the Ni and Cu atoms are able to diffuse farther than the joint height of the flip chip package during the reflow, we assume that the diffusivity of Cu and Ni atoms in the liquid state during reflow is about 10 −5 cm 2 /s. 17 Since they remain above the melting points of the above four solders for approximately 60 s, the diffusion distance is estimated to be approximately 245 m, which is longer than the joint height of 90 m. Therefore, it is possible for the above cross interactions to happen during the reflow process.
The evolution of the IMCs and their compositions for the above four solders are summarized in Table I.  Table I 18 This potential gradient may provide the driving force for the Cu and Ni atoms to diffuse to form the ternary IMCs. Liu et al. found a Cu concentration gradient across the solder due to lower Cu solubility limit at the Ni end in a sandwich structure of Cu-SnAg-Ni. 11 Therefore, it is inferred that this concentration gradient would accelerate the dissolution of Cu atoms on the chip side. Once the Cu metallization layer is consumed, the spalling of IMCs occurs due to high interfacial energy between the IMCs and the Cr-Cu layer, as seen in Figs. 5(a), 7(a), and 9(a) . 18 Therefore, during the second reflow for joining the flip chip package, the Au layer dissolved very rapidly into the solder to form AuSn 4 IMCs. 16 Then they may diffuse to the chip side and deposit on the surface of Cu 6 Sn 5 .
However, it is interesting that the migration of Au does not occur in Pb-free solder joints during their second reflow. Kao reported that the addition of Ni particles may inhibit the redistribution of AuSn 4 IMCs during solid state aging. 23 Tu et al. also found that Au-Sn IMC deposited on the surface of Cu 6 Sn 5 IMCs after reflow, 10 and they reported that there was no AuSn 4 redistribution observed in Pb-free solder. 9 Moreover, the solubility of Ni in the eutectic SnPb solder is estimated to be 0.052 at.% at 220°C, but it is 0.28 at.% in the eutectic SnAg solder at 250°C. 24 Thus, it is inferred that the higher solubility of Ni in the molten Pb-free solders may be able to stabilize the AuSn 4 IMCs.
In addition, only few Ni atoms were detected on the chip side for eutectic SnPb solder, since the solubility of Ni in the eutectic SnPb solder is as low as 0.052 at.% at 220°C. However, it reaches 0.28 at.% in the eutectic SnAg solder at 250°C, which may be responsible for the higher Ni content in the IMCs on the chip side in the Pb-free solder. For SnSb solder, although its Ni solubility is not available, it is speculated that the solubility of Ni is close to that in SnAg solder. It is worth noting that the IMCs on the chip side of the SnSb solder did not spall after the second reflow. Suraski et al. reported that 0.5% doping of antimony could slow down the copper dissolution rate during wave soldering. Thus, compared with that in SnAg and SnAgCu solders, the Cu consumption rate in SnSb solder may be slower. 25 However, the reason for that is not clear at this moment, and thus more experimental data are needed to prove it.
Regarding the absence of Ni on the chip side for the SnAgCu solder after the second reflow, it is believed that the (Cu x, Ni 1−x ) 6 Sn 5 IMCs may play an important role in inhibiting Ni diffusion. It is reported that the Cu solubility limit in pure Sn at 240°C is about 1.1%. Thus, it is inferred that, for the SnAg3.8Cu0.7 solder, the Cu concentration in the bumped die may be higher than that in the other three solders. When the bumped die was reflowed on the substrate, the amount of (Cu x, Ni 1−x ) 6 Sn 5 IMCs in the solder was larger than that in the other three solders. These IMCs formed above (Ni y, Cu 1−y ) 3 6 Sn 5 IMCs were also found.
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IMCs. 26 Another possibility is that, when the Cu flux from the chip side meets the Ni atoms in the substrate, they form Cu-Ni-Sn ternary compounds right away. Since the Cu dissolution rate in solder is faster than that of Ni in solder, Cu atoms may diffuse to the substrate side before the Ni atoms reach the chip side. Liu et al. also reported that only binary Cu 6 Sn 5 formed in the Cu end when eutectic SnAg solder was reflowed with Cu and Ni foils up to 20 min, while (Cu x, Ni 1−x ) 6 Sn 5 was found in the Ni end. 11 Nickel atoms did not diffuse to the Cu foil side after even 20-min reflow, which contradicts to our SnAg results. The discrepancy may be attributed to the following reason. The metallization layers they used were Cu and Ni foils, which had unlimited supply of Cu and Ni atoms. Therefore, on the Ni foil side, there existed a continuous flux of Cu atoms from the Cu foil side, and the Cu atoms reacted with the Ni and Sn atoms to form (Cu x, Ni 1−x ) 6 Sn 5 IMC. Therefore, the thickness of the (Cu x, Ni 1−x ) 6 Sn 5 layer increased with the increase of reflowing time. Nevertheless, in our SnAg case, the flux of Cu atoms was limited due to the thin film UBM structure. When the Cu layer was depleted, the Ni atoms on the substrate side may be able to diffuse to the chip side.
V. CONCLUSIONS
Cross interactions on the formation of IMCs have been found in eutectic SnPb, SnAg3.5, SnAg3.8Cu0.7, and SnSb5 solders joined to Cu/Cr-Cu/Ti on the chip side and Au/Ni metallization on the substrate side. For all the three Pb-free solders, Cu atoms on the chip side diffused to the substrate side during reflow to form (Cu x, Ni 1−x ) 6 Sn 5 and (Ni y, Cu 1−y ) 3 Sn 4 , while only (Cu x, Ni 1−x ) 6 Sn 5 IMCs were observed for the SnPb solder. A concentration gradient and chemical potential gradient are considered to be responsible for the Cu diffusion. Au atoms on the substrate side were detected on the surface of Cu 6 Sn 5 IMCs on the chip side after the second reflow, and only few Ni atoms were detected on the chip side in the SnPb solder. In addition, the Ni atoms on the substrate side diffused to the chip side during the second reflow to form ternary (Cu x, Ni 1−x ) 6 Sn 5 IMCs in the SnAg3.5 and SnSb5 solders. The chemical potential gradient due to lower free energy of the ternary IMCs were proposed to account for the diffusion of Ni flux from the substrate side to the chip side.
